Detecting entanglement by the mean value of spin on a quantum computer by Kuzmak, A. R. & Tkachuk, V. M.
ar
X
iv
:2
00
3.
01
01
1v
2 
 [q
ua
nt-
ph
]  
31
 M
ay
 20
20
Detecting entanglement by the mean value of spin on a quantum computer
A.R. Kuzmak1, ∗ and V.M. Tkachuk1, †
1Department for Theoretical Physics, Ivan Franko National University of Lviv, 12 Drahomanov St., Lviv, UA-79005, Ukraine
(Dated: June 2, 2020)
We implement a protocol to determine the degree of entanglement between a qubit and the rest
of the system on a quantum computer. The protocol is based on results obtained in paper [A. M.
Frydryszak, M. I. Samar, V. M. Tkachuk, Eur. Phys. J. D 71 233 (2017)]. This protocol is tested on
a 5-qubit superconducting quantum processor called ibmq-ourense provided by the IBM company.
We determine the values of entanglement of the Schro¨dinger cat and the Werner states prepared on
this device and compare them with the theoretical ones. In addition, a protocol for determining the
entanglement of rank-2 mixed states is proposed. We apply this protocol to the mixed state which
consists of two Bell states prepared on the ibmq-ourense quantum device.
I. INTRODUCTION
Entanglement is an inherent property of a quantum
system [1, 2]. It plays a crucial role in processes related
to quantum information and quantum computation [3,
4]. The presence of entanglement in a system allows one
to implement various quantum information schemes and
devices that cannot be realized by classical systems. The
application of this phenomenon to the implementation
of various quantum algorithms began after Aspect et al.
[5] tested Bell’s inequality [6] and experimentally solved
the EPR paradox [1]. The preparation of an entangled
state is an indispensable step in the realization of such
tasks as quantum cryptography [7], super-dense coding
[8], teleportation [9], etc.
Quantum entanglement is a key resource that is crucial
in the efficient and fast modeling of many-body quantum
systems on quantum computers [3, 10–12]. Due to this
feature, quantum computers are much more efficient than
classical ones for studying different problems relating to
the behavior of quantum systems in various fields, in-
cluding condensed-matter physics, high-energy physics,
atomic physics, and quantum chemistry.
In recent years, physical implementation of quantum
computers on superconducting circuits have achieved sig-
nificant progress. The IBM company has developed a
cloud service called IBM Q Experience [13]. It has access
to different quantum devices based on processors contain-
ing from 1 up to 20 superconducting qubits. Recently, it
was shown that the 16-qubit [14] and 20-qubit [15] IBM
Q quantum processors can be fully entangled. Authors of
the papers made the quantum tomography on each pair
of connected qubits prepared in the graph states, then
calculated the negativity as a measure of entanglement
between them. They obtain that the state is inseparable
with respect to any fixed pair. The entangled state were
also prepared and measured on other systems with full
qubit control, namely, 20-qubit ion trap system [16, 17],
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system of photons [18–20] and superconducting system
[21, 22].
In this paper, we implement the protocol for measur-
ing the entanglement of one qubit with the rest of the
system on a quantum computers. This protocol is based
on results obtained in paper [23]. For this purpose, in
the case of pure a state, we use the definition of the ge-
ometric measure of entanglement by the mean value of
spin proposed in paper [23]. We test this protocol on
the ibmq-ourense quantum device [13]. Therefore, the
entanglement of the Schro¨dinger cat and Werner states
are defined. In addition, we propose and test a protocol
to determine the entanglement of rank-2 mixed quantum
states.
II. PROTOCOL FOR MEASURING THE
ENTANGLEMENT OF A PURE STATE BY THE
MEAN VALUE OF SPIN
We propose a method which allows one to measure
the entanglement of the state prepared on quantum com-
puter. This method bases on the definition of the geo-
metric measure of entanglement by the mean value of
spin proposed in paper [23]. If we have a spin that can
be entangled with the rest of the system in a pure state
|ψ〉 = a|0〉|φ1〉+ b|1〉|φ2〉 (1)
then the degree of entanglement between these subsys-
tems can be defined by the mean value of the spin as
follows
E (|ψ〉) = 1
2
(1− |〈ψ|σ|ψ〉|) , (2)
where a and b are some complex constants which satisfy
the normalization condition |a|2 + |b|2 = 1; |φ1〉 and |φ2〉
are the state vectors which define the quantum system
entangled with the spin, and which satisfy the normal-
ization conditions 〈φ1|φ1〉 = 1, 〈φ2|φ2〉 = 1; modulus of
the mean value of the spin is determined by the expres-
sion |〈ψ|σ|ψ〉| =
√
〈ψ|σ|ψ〉2, and operator σ is defined
by the Pauli matrices as follows σ = iσx + jσy + kσz .
Note that, in general case, functions |φ1〉 and |φ2〉 are
not orthogonal, i.e. 〈φ1|φ2〉 6= 0. Since any two-level
2quantum system is described by the Pauli matrices, ex-
pression (2) can be applied to the determination of the
value of entanglement of any quantum system that con-
sists of a set of two-level subsystems. Thus, to determine
the entanglement of one qubit with the rest of the sys-
tem the mean value of the Pauli operator corresponding
to this qubit in state (1) should be measured. It is con-
venient to use basis |0〉, |1〉 for measuring certain value
of Pauli operator. For instance, the tomography process
of the IBM quantum computers is provided by the mea-
surements of a state on this basis. For this purpose, we
represent the mean values of the spin by the values which
can be measured using basis |0〉, |1〉. The fact that the
states |0〉, |1〉 are the eigenstates of the σz operator with
±1 eigenvalues, respectively, allows us to decompose it
as follows σz = |0〉〈0| − |1〉〈1|. In turn, this allows us
to express the mean value of this operator in state (1)
by the probabilities which define the result of measure of
qubit on basis |0〉, |1〉 in the form
〈ψ|σz |ψ〉 = |〈ψ|0〉|2 − |〈ψ|1〉|2. (3)
To measure the remaining mean values of the spin
in basis |0〉, |1〉, we represent them as follows σx =
e−i
pi
4
σyσzei
pi
4
σy , σy = ei
pi
4
σxσze−i
pi
4
σx . Then the mean
value of the x-component of the spin takes the form
〈ψ|σx|ψ〉 = 〈ψ|e−ipi4 σyσzeipi4 σy |ψ〉 = 〈ψ˜y|σz |ψ˜y〉
= 〈ψ˜y|0〉〈0|ψ˜y〉 − 〈ψ˜y|1〉〈1|ψ˜y〉
= |〈ψ˜y|0〉|2 − |〈ψ˜y |1〉|2, (4)
where |ψ˜y〉 = eipi4 σy |ψ〉. In a similar way we represent
the expression for the mean value of the y-component of
the spin
〈ψ|σy|ψ〉 = |〈ψ˜x|0〉|2 − |〈ψ˜x|1〉|2, (5)
where |ψ˜x〉 = e−ipi4 σx |ψ〉. As we can see, before measur-
ing the mean value of the x- and y-component of the spin,
it should be rotated around the y- and x-axis, respec-
tively, by angle pi/2. Due to the modules in expressions
(4) and (5), the directions of rotation are not important.
The protocol to determine the mean values of the Pauli
operators of the first spin is presented in the Fig. 1. Note
that this protocol is valid for determining the mean values
of Pauli operators of any spins. Let us apply this pro-
tocol for measuring the entanglement of quantum states
prepared on the ibmq-ourense quantum computer.
III. MEASURING THE ENTANGLEMENT OF
PURE STATES PREPARED ON THE
IBMQ-OURENSE QUANTUM COMPUTER
In this section we use the protocol proposed above
to measure the entanglement of states prepared on the
ibmq-ourence quantum computer. This is one of the
quantum devices to which the IBM provides free access
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Figure 1: Quantum circuit for measuring the mean value of Pauli
a-operator of the first spin in the state generated by the unitary
operator U . The unitary operator U transforms the system from
the initial state to state (1). The Ra gate provides the rotation of
the qubit state around the a-axis by angle pi/2.
via its cloud service. This device consists of five super-
conducting qubits in the way shown in Fig. 2. We pre-
pare pure states, namely, the Schro¨dinger cat states and
the Werner-like states, and apply to them the protocol
considered in the previous section.
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Figure 2: Structure of the ibmq-ourense quantum device. This
device consists of five superconducting qubits which interact
between themselves as are shown in the figure. The arrows
connect the qubits between which the controlled-NOT gate can
be directly applied. Bidirectionality of arrows means that each of
the qubit can be both a control and a target.
A. Schro¨dinger cat states
In general, the Schro¨dinger cat state for n qubits reads
|ψcat〉 = cos θ
2
|00 . . . 0〉+ sin θ
2
eiφ|11 . . .1〉, (6)
where θ ∈ [0, pi] and φ ∈ [0, 2pi] are some real pa-
rameters. This state can be prepared by applying the
single-qubit gate U3(θ, φ, λ) to the initial state |00 . . .0〉
and a sequence of controlled-NOT operators as shown in
Fig. 3. In the basis |0〉, |1〉 the matrix representation of
U3(θ, φ, λ) gate has the following form
U3(θ, φ, λ) =
(
cos θ2 −eiλ sin θ2
eiφ sin θ2 e
i(λ+φ) cos θ2
)
, (7)
where λ is a real parameter which can take the values
from the range [0, 2pi]. This gate has the effect of rotating
a qubit in the initial state |0〉 to an arbitrary one-qubit
state
U3(θ, φ, λ)|0〉 = cos θ
2
|0〉+ sin θ
2
eiφ|1〉. (8)
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Figure 3: The circuits for the preparation of a general
Schro¨dinger cat state on a system of n qubits.
The entanglement of any qubit with the remaining sys-
tem in state (6) according to (2) is
E (|ψcat〉) = 1
2
(1− | cos θ|) . (9)
On the ibmq-ourense quantum device we measure the
dependence of the geometry measure of entanglement on
the parameter θ for two-qubit Schro¨dinger cat state with
φ = 0. The results are obtained for two qubits (Fig. 4).
Figs. 4a and 4b show the circuits and the dependence
of entanglement in the case of measuring first q[0] and
second q[1] qubits, respectively. These results are almost
identical. This is caused by the fact that the difference
between single-qubit errors is compensated by the differ-
ence between the readout errors of each qubit. Indeed,
the error of the q[0] qubit, 4.18×10−4, is greater than the
q[1], 3.88× 10−4, and vice versa the readout error of the
q[0] qubitm, 1.90 × 10−2, is less than the readout error
of the q[1] qubit, 3.70 × 10−2. In addition, the coher-
ence time of the q[0] qubit, T2 = 73.01 µs, is almost two
times longer than the coherence time of the q[1] qubit,
T2 = 36.30 µs. The difference between single-qubit er-
rors is also compensated by the difference between the
readout errors. It is important to note that the num-
ber of measurements of a pure quantum state, which we
considered in this paper, is equal to 1024. Thus, a quan-
tum computer makes 1024 shots to obtain the mean value
of the α-component of certain spin in a predefined pure
quantum state. After calculation on quantum computer
we obtain the probabilities to find this spin in states |0〉
and |1〉. In order to obtain the mean value of spin com-
ponents, we substitute these probabilities into equations
(3)–(5). Then, to obtain the value of entanglement these
mean values, we substitute into equation (2). Note that
the more shots are made by the quantum computer, the
smaller is the error due to counting statistics, which is
inversely proportional to the square root of the shots (in
our case ∼ 1/32).
Also we prepare and measure the entanglement of the
3- and 4-qubit Schro¨dinger cat states (Fig. 5). Despite
the fact that in these cases we have more qubits in the
system, the results obtained by the quantum computer
are in good agreement with the theoretical predictions.
This is because the gates that generate the Schro¨dinger
cat state are basis operators of the ibmq-ourense quan-
tum device. This fact allows us to reduce the error of
preparation of this state. Also in Fig. 5a one can see the
deviation of the experimental curve from the theoretical
one. The precise reason for these deviation is unclear, but
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Figure 4: Circuits for preparation and measurement of the
two-qubit Schro¨dinger cat state and corresponding dependences of
entanglement in the case of measuring of first q[0] (a) and second
q[1] (b) qubits, respectively. Here operators Ra provide the
rotations of the qubit state around the a = x, y, z axises by the
angle pi/2.
it can be due to some systematic errors of the quantum
device.
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Figure 5: Circuits for preparation and measurement of the
Schro¨dinger cat state on the 3 (a) and 4 (b) qubits and
corresponding dependences of entanglement. Here operators Ra
provide the rotations of the qubit state by the angle pi/2 around
the a = x, y, z axises.
B. Werner state
So far we have studied the entanglement of symmet-
rical states in the context that the measure of entangle-
ment by the mean value of spin are the same with respect
to any qubit from the system. Now we consider the en-
tanglement of the Werner-like state
|ψW 〉 = sin θ
2
|001〉+ 1√
2
cos
θ
2
(|010〉+ |100〉) , (10)
which is not symmetric. In order to prepare this state,
one should use a set of additional gates. Thus, for this
4purpose we use the Hadamard gate (H), the Rx(pi) gate,
which provides a single-qubit rotation around the x-axis
by the angle pi, the controlled-Hadamard gate (cH) which
performs an H on the target qubit whenever the control
qubit is in state |1〉, and the Toffoli gate. The circuit of
the preparation of state (10) on the q[1], q[3] and q[4]
qubits is presented in Fig. 6.
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Figure 6: Circuit for preparation of the three-qubit Werner state.
Because of the asymmetric nature of state (10), the
expression which defines the entanglement of the first
or second qubit with other qubits is different from the
expression which defines the entanglement of the third
qubit with the first two. This expressions have the fol-
lowing form
E1,2 (|ψW 〉) = 1
2
cos2
θ
2
,
E3 (|ψW 〉) = 1
2
(1− | cos θ|) . (11)
The results of measuring the values of entanglement of
each qubit with the two others by the ibmq-ourense quan-
tum device are presented in Fig. 7. In this case, the re-
sults obtained by the quantum computer are worse than
the theoretical ones. This is because the number of ba-
sis operators which should be applied to the system to
prepare the Werner state reduces the accuracy of achieve-
ment of this state, which in turn affects the value of en-
tanglement. The controlled-NOT operator of circuit pre-
sented in Fig. 6 connects q[1] and q[4] qubits separated
by the q[3] one (see Fig. 2), and this operator cannot
be realized directly on the ibmq-ourense quantum com-
puter. Therefore, the quantum computer uses the tran-
spiled circuit. Instead of the q[1], q[3] and q[4] qubits,
it uses the q[0], q[1] and q[3] qubits. For this new set
of qubits, the Toffoli gate is presented by a set of ba-
sis operators which consists of 15 controlled-NOT and 8
single-qubit operators. Thus, the transpiled scheme uses
18 controlled-NOT and 13 single-qubit operators. Such a
large number of gates leads to the accumulation of errors.
IV. MEASURING THE ENTANGLEMENT OF
MIXED STATES PREPARED ON THE
IBMQ-OURENSE QUANTUM COMPUTER
In paper [23] the geometry measure of entanglement
of rank-2 mixed states by correlations between qubits
was studied. The authors obtained an expression which
allows one to calculate the entanglement of any qubit
with another one in the mixed state defined by the den-
sity matrix ρ =
∑
α ωα|ψα〉〈ψα|, where vectors |ψα〉 are
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Figure 7: Dependence of the value of entanglement of the Werner
state (10) on parameter θ in the cases of measuring the mean
values of q[1] (a), q[3] (b) and q[4] (c) spins.
given on the subspace spanned by vectors |0〉 = |00 . . .0〉,
|1〉 = |11 . . .1〉, and∑α ωα = 1. In the case of an n-qubit
state, the value of entanglement of certain qubit denoted
by i with another qubits is determined by the expression
E (ρ) =
1
2
(
1−
√
1− 〈Σx〉2 − 〈Σy〉2
)
. (12)
The operators Σx = σx1σ
x
2 . . . σ
x
i . . . σ
x
n, Σ
y =
σx1σ
x
2 . . . σ
y
i . . . σ
x
n, Σ
z = I1I2 . . . σ
z
j . . . In are the analogs
of the Pauli operators acting on the subspace spanned by
|0〉, |1〉. Here Ii is the unity single-spin operator and σzj is
dependent on the qubit number j. Note that the analog
of the Pauli operators for any two-dimensional Hilbert
subspace can be introduced in a similar way. Then the
value of entanglement of a 2-rank mixed state is defined
by expression (12) with the Pauli operators defined on
this subspace.
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Figure 8: Circuits for preparation and measurement of the
correlations of |Φ+〉 (a) and |Φ−〉 (b) Bell states. Operators Ra
provide the rotations of the qubit state around the a = x, y axises
by an angle pi/2.
Similarly, as in the case of a pure state, the correlation
functions in equation (12) can be expressed by probabil-
ities. However, unlike the previous case, where only the
one spin is measured, here the entire system should be
measured. In the case of a two-qubit state, the correla-
tion functions in equation (12) take the form
〈σa1σx2 〉 =
∑
α
ωα〈ψα|σa1σx2 |ψα〉, (13)
5where a = x, y. This expression contains the correlation
functions constructed on pure states |ψα〉. These func-
tions can be expressed by the probabilities measured in
the experiment as follows
〈ψα|σx1σx2 |ψα〉
= |〈ψ˜yyα |00〉|2 − |〈ψ˜
yy
α |01〉|2 − |〈ψ˜
yy
α |10〉|2 + |〈ψ˜
yy
α |11〉|2,
〈ψα|σy1σx2 |ψα〉
= |〈ψ˜xyα |00〉|2 − |〈ψ˜
xy
α |01〉|2 − |〈ψ˜
xy
α |10〉|2 + |〈ψ˜
xy
α |11〉|2,
(14)
where |ψ˜yyα 〉 = ei
pi
4 (σ
y
1
+σy
2 )|ψα〉, |ψ˜xy〉 = e−i
pi
4 (σ
x
1
−σ
y
2 )|ψ〉.
As an example, we consider a mixed state ρBell con-
structed of two Bell states |Φ±〉 = 1/√2(|00〉 ± |11〉) as
follows
ρBell = ω|Φ+〉〈Φ+|+ (1− ω) |Φ−〉〈Φ−|, (15)
where ω ∈ [0, 1]. The exact expression of geometric mea-
sure of entanglement of this system according to (12) is
E (ρBell) =
1
2
(
1− 2
√
ω(1− ω)
)
. (16)
On the quantum device ibmq-ourense, we separately pre-
pare and measure the correlations of the |Φ+〉 (Fig. 8a)
and |Φ−〉 (Fig. 8b). Note that the number of measure-
ments of pure states should be made according to their
weights defined by ω. Namely, to find the entanglement
of state (15), we measure the states |Φ+〉 and |Φ−〉 as
shown in Fig. 8a and Fig. 8b, respectively. Similarly as in
the previous case, to obtain the probabilities which define
the mean values (14), the quantum computer makes some
number of shots. As we mentioned, this number of shots
should be proportional to the weights which are in state
(15). For instance, in the case of the maximally mixed
state (ω = 1/2) the numbers of shots are the same for
both states. Thus, for predefined weights the quantum
computer makes certain numbers of necessary measure-
ments in |Φ+〉 and |Φ−〉 states. However, for the states
with different weights, the total number of measurements
is fixed. In our case, the total number of measurements
is equal to 8192. The numbers of measurements, which
should be made by the quantum computer for the prede-
fined mixed state (15), are defined as follows: 8192 × ω
for |Φ+〉 state and 8192× (1− ω) for |Φ−〉 one. We pre-
pare the states with ω which changes with step 0.125.
Then, the number of shots is changed with step 1024.
The exact behavior (16) and behavior of entanglement
obtained by a quantum computer with different value of
ω are presented in Fig. 9a. The difference between the-
oretical (E) and measured (Ei) values of entanglement,
∆ = |Ei − E|, for certain ω is depicted in Fig. 9b. As
we can see, for more mixed states the entanglement is
determined more precisely. It should be noted that the
same trend is observed when determining the relative de-
viation δ = |Ei − E|/E. In our opinion, this is because
the maximally mixed state (with ω = 1/2) (15) can be
also written in the form 1/2(|00〉〈00| + |11〉〈11|) which
is spanned by the basis vectors |00〉, |11〉. These vec-
tors are both the eigenstates of the density matrix and
the basis states on which the quantum computer makes
the measurements. It should be stressed once again that
the eigenstates of the density matrix are the Bell states
|Φ+〉 and |Φ−〉. However, in the case of ω = 1/2 the
eigenvalues become degenerate and the states |00〉, |11〉
are also the eigenstates of the density matrix. Therefore,
we think that coincidence of eigenstates of density ma-
trix and basis states of the quantum computer provides
a good agreement between the experimental value and
theoretical prediction in the case of ω = 1/2. Thus, the
closer the state is to the maximally mixed state, the more
accurate it is measured.
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Figure 9: Dependence of (a) entanglement of state (15) and (b)
difference between the theoretical and measured values of this
entanglement on the mixing parameter are depicted.
V. CONCLUSIONS
We have considered the protocol which allows one to
determine the value of entanglement between a qubit and
the rest of the system prepared on a quantum computer
for the pure and special mixed quantum states. This pro-
tocol implement results from paper [23]. In the case of
pure states this protocol is based on the calculation of
the mean value of spin. We have applied this protocol
to states, namely, the Schro¨dinger cat and Werner-like
states, by the ibmq-ourense quantum computer. In the
case of the Schro¨dinger cat states, the results obtained
on its are in good agreement with the theoretical ones.
The error increases a little bit with respect to the number
of qubits in the system. This is because the gates that
generate the Schro¨dinger cat state are basis operators of
the ibmq-ourense quantum device. Another situation we
have in the case of three-qubit Werner states, where its
preparation requires additional operators. This leads to
an accumulation of errors and worse agreement with the-
oretical predictions. It should be noted that the measure-
ment of only one spin of the system allows to minimize
the measurement error. This fact allows one to deter-
mined the entanglement of pure state in good agreement
with the theory. We have also generalized the protocol
to determine the value of entanglement of rank-2 mixed
states. In this case the correlations of all spins of the
system should be measured. As an example, we have ob-
6tained the value of entanglement of the mixed state which
consists of two Bell states |Φ±〉 = 1/√2(|00〉 ± |11〉) (see
Fig. 9a). In this case we also obtained good agreement
with the theoretical prediction. For more mixed states
we obtain the smaller deviation from the theory. Thus,
more mixed states are measured more accurately. This
is because the maximally mixed state (15) is spanned by
the basis vectors of quantum computer that reduces the
measurement error.
VI. ACKNOWLEDGEMENTS
We thank Profs. Andrij Rovenchak and Svyatoslav
Kondrat (aka Valiska) for useful comments. This work
was supported by Project FF-83F (No. 0119U002203)
from the Ministry of Education and Science of Ukraine.
[1] A. Einstein, B. Podolsky, N. Rosen, Phys. Rev. 47, 777
(1935).
[2] R. Horodecki, P. Horodecki, M. Horodecki, K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).
[3] R. P. Feynman, Int. J. Theor. Phys. 21, 467 (1982).
[4] M. A. Nielsen, I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, 2000).
[5] A. Aspect, J. Dalibard, G. Roger, Phys. Rev. Lett. 49,
1804 (1982).
[6] J. S. Bell, Physics 1, 195 (1964).
[7] A. K. Ekert, Phys. Rev. Lett., 67, 661 (1991).
[8] Ch. H. Bennett, S. J. Wiesner, Phys. Rev. Lett. 69, 2881
(1992).
[9] C. H. Bennett, G. Brassard, C. Crepeau, R. Jozsa, A.
Peres, W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).
[10] S. Lloyd, Science 273, 1073 (1996).
[11] I. Buluta, F. Nori, Science 326, 108 (2009).
[12] J. Preskill, arXiv:1203.5813 (2012).
[13] IBM Q Experience. https://quantum-
computing.ibm.com.
[14] Yuanhao Wang, Ying Li, Zhang-qi Yin, Bei Zeng, npj
Quant. Inf. 4, 46 (2018).
[15] G. J. Mooney, Ch. D. Hill, L. C. L. Hollenberg, Sci. Rep.
9, 13465 (2019).
[16] T. Monz, et al., Phys. Rev. Lett. 106, 130506 (2011).
[17] N. Friis, et al., Phys. Rev. X 8, 021012 (2018).
[18] Xi-Li Wang, et al., Phys. Rev. Lett. 117, 210502 (2016).
[19] Xi-Li Wang, et al., Phys. Rev. Lett. 120, 260502 (2018).
[20] Han-Sen Zhong, et al., Phys. Rev. Lett. 121, 250505
(2018).
[21] Chao Song, et al., Phys. Rev. Lett. 119, 180511 (2017).
[22] Ming Gong, et al., Phys. Rev. Lett. 122, 110501 (2019).
[23] A. M. Frydryszak, M. I. Samar, V. M. Tkachuk, Eur.
Phys. J. D 71 233 (2017).
